Quantum dot from chiral metallic single walled nanotubes 
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We propose a simple approach to construct a quantum-dot and it's electrodes using chiral metallic 
single walled carbon nanotube (CM-SWCNT) segments of exactly opposite chiralities (m, n) and 
(n, m). The degree and energetics of electron confinement crucially depends on the choice of n and 
m, and collinearity of the SWCNT segments constituting the quantum-dot and the electrodes. All 
the segments can in principle be obtained through simple manipulations of fragments of a single 
nanotube of chirality either (m, n) or (n, m). 
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Graphene or carbon nanotube (CNT) based active el- 
ements have been long envisioned to have the potential 
to replace their silicon based counterparts and accelerate 
the pace of miniaturization of electronic devices. Such 
an optimism primarily stems from the fact that CNTs 
can be either semiconducting or metallic depending on 
their periodic structure, and can also endure large tensile 
strain. But such a prospect has been difficult to realize 
due to absence of any controllable strategy to synthesize 
key components like, graphene sheets with regular edges 
or CNTs of specific chiralities. Further, fabrication of ac- 
tive elements like diodes, transistors, quantum dots(QD) 
etc., requires synthesis of heterojunctions(HJ) made of 
CNTs of dissimilar chiralities. Not withstanding recent 
reports of chance occurrence of such HJs^, partial suc- 
cess in their direct synthesis 3 and measurement of their 
nonlinear behavior—, which has inspired detailed theoret- 
ical studies 5 x - of CNT-HJs as active elements, such ex- 
otic HJs are yet to be available at a scale appropriate for 
large-scale implementation of CNT-HJ based devices. An 
alternate approach could be to construct devices made of 
segments which can be obtained through precisely con- 
trollable manipulations of fragments sourced from of a 
single but thoroughly characterized CNT. With the ad- 
vent of Rayleigh scattering 11 based technique for deter- 
mination of chirality and simultaneous measurement of 
electrical conductivity 12 , it is now indeed possible to un- 
ambiguously characterize a SWCNT, paving the way for 
device fabrication with such a CNT as the starting point. 

In this work we propose construction of a QD-electrode 
assembly where the QD region and the two electrodes 
on it's two sides, are constituted by three segments of 
chiral metallic SWCNTs with exactly opposite chiralities, 
differing, in effect, only in the sense of their helicities, 
which does not alter the electronic structure. We find 
that, if three such segments are connected longitudinally 
such that their axes are collinear and the chirality of the 
segment in the middle is opposite to those of the segments 
on it's two sides, then the segment in the middle can 
strongly confine electronic states with regularly spaced 
energies, if the chiralities are suitably chosen. 

We choose three sets of opposite chiralities [(6, 3), (3, 6)], 



[(9, 3), (3, 9) and [(12, 3), (3, 12)] to demonstrate the possi- 
bility of the type of QDs proposed in this work. For 
the three chosen sets of chiralities, each of the two in- 
terfaces in the corresponding QD-electrode assemblies 
require three, six and nine pentagon- heptagon defect 
pairs 13 respectively, in order for the QD-electrode assem- 
blies to be linear in shape. It is expedient to mention that 
in general, any two SWCNTs can be connecte d 14 ! 15 by 
just one pentagon and one heptagon, but such hetero- 
j unctions are unavoidably bent at the interface. Notable 
that pentagons and heptagons are the two simplest topo- 
logical defects possible in graphene. Evidently, with the 
increase of \m — n\ the number of pentagon- heptagon de- 
fect pairs required at the interfaces to form linear HJs 
increases. Within each pair we consider the pentagon 
and the heptagon adjacent to each other, sharing a com- 
mon C-C bond. Such a paired arrangement, we refer here 
as (5-7), minimizes the net strain due to the individual 
defects. The defect pairs can in principle be arranged 
in a large variety of ways at the interfaces and each ar- 
rangement would result into different values of net strain, 
total energy and degree of linearity of shape of the re- 
sultant HJs. Maximally uniform distribution of defect 
pairs at the interface leads to maximally linear resultant 
HJi 3 - due to uniform distribution of strain over the cir- 
cumference at the interface between two SWCNTs. As 
evident in Fig-[TJ linearity of shape of such HJs strictly re- 
quire uniformity of circumferential distribution of defects 
at the interface. This implies that if the QD-electrode 
assemblies are mechanically constrained to have a lin- 
ear shape, then the defects at the interfaces between the 
SWCNT segments will naturally occur arranged at the 
interfaces in a maximally uniform pattern. Such a uni- 
form distribution of defects at the two interfaces in a 
QD-electrode assembly can be easily maintained if the 
open ends of the electrodes are firmly attached to a suit- 
able substrate or a measurement probe. This implies an 
additional and rather realistic constraint of fixed linear 
distance between the two ends of a QD-electrode assem- 
bly. This ensures that even at high enough temperatures, 
the uniform nature of defect distribution at the two in- 
terfaces in a QD-electrode assembly, will not degenerate 
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because any deviation from the uniform distribution will 
tend to bend the HJ at the interfaces, amounting in effect 
to stretching of the constituent SWCNT segments, and 
thus will be thermodynamically unfavourable. Unwound 
interfaces of linear SWCNT HJs are shown in Fig-|2]-(a- 
c) for sets of opposite chiralities [(6, 3), (3, 6)], [(9, 3), (3, 9) 
and [(12, 3), (3, 12)]. Resultant HJ assemblies (6,3)-(3,6)- 
(6,3) and (12,3)-(3,12)-(12,3) are shown in Fig-H(d) and 
(e) respectively. 

The local density of states(LDOS) and conductance 
T(E) at zero bias are calculated using the surface Green's 
function matching method 18 , wherein, between two elec- 
trode regions at left (L) and right (R), a channel region 
(C) is considered to contain inside the possible active de- 
vice. In the present case, the active devise consists of the 
electron confining CM- SWCNT segment and the two in- 
terfaces connecting it to the other two CM-SWCNT seg- 
ments. A large enough channel extending into the bulk 
of the CM-SWCNTs segments on two sides allows the 
Green's function associated with the channel to be cor- 
rectly represented by 19 G(E) = (EI - H c - Sl - 
where S L = tcl9lTc L and = r C RgRT ] CR are self en- 
ergy contributions of the electrodes to the channel. The 
surface Green's function g of the electrodes are calculated 
recursively^ while r is the coupling between the channel 
and the electrodes. We consider nearest neighbor tt or- 
bital tight-binding Hamiltonian with a hopping integral 
of value — 2.7eV 21 . The LDOS and transmission function 
are calculated as 19 D (E) = Trace [Imag {G (E)}] /2tt 
and T (E) = Trace [r^GT^G^] respectively, where T = 
Imag (E) are the broadening matrices for the channel due 
to coupling with the electrodes. 

Local symmetry at the 5-7 defect sites being different 
than that in the bulk of graphene or CNT, increase in 




FIG. 1: (a) Non-uniform and (b) uniform distribution of de- 
fects (shown in black lines) at the (12,3) (3, 12) interface, (c-d) 
Corresponding energy minimized structures of the resultant 
HJs obtained using Ter soff- Br enne r 1 6 1 1 7 classical force fields. 



number of 5-7 defects at interfaces reduces inter-segment 
mixing between electronic states in the segments that 
the interfaces connect. With increasing defect densi- 
ties, the interfaces at the two ends thus increasingly con- 
fine electronic states within the CM-SWCNT segment in 
the middle, constituting essentially a quantum dot(QD). 
Expectedly, the width of the LDOS peaks (Fig-S(a)) 
and the corresponding transmission peaks (Fig-EJ-(b)) de- 
creases as we go from QD-electrode assemblies made 
from SWCNTs [(6,3), (3,6)] to [(9,3), (3,9)] and then to 
[(12, 3), (3, 12)]. The energies of the confined states cru- 
cially depend on the nature of arrangement of defects 
at the interfaces. Advantageously, maximally uniform 
distribution of defects at the interfaces leads to confined 
states regularly spaced in energy, as evident from energies 
associated with the LDOS peaks in Fig-|3]-(a). Such states 
simply result from regular discretization of the lowest 
conduction band and the highest valence band, both of 
which have perfectly linear dispersion within the simplest 
tight-binding model considered in this work, which does 
not take into account the effects of curvature. Through 
systematically increasing \m — n\ we find that ifm/n > 3, 
as it is for (12,3), the resultant QD-electrode assemblies, 
if linear in shape, consists of enough defects at the inter- 
faces, resulting into substantial confinement of electronic 
states within the QD segment. Thus in general, ensur- 
ing the CM-SWCNT based QD-electrode assemblies to 
be linear in shape and m/n > 3, naturally increases the 
probability for substantial confinement and regular spac- 
ing of energy of the confined states. 

Non uniform distribution of defects at the two inter- 
faces on the two sides of the QD segment results into 
different lengths of longitudinal confinement at different 
circumferential regions of the QD segment and hence dif- 
ferent discretization of the lowest conduction band and 
the highest valence band. This leads to increase in num- 
ber of confined states with irregularly spaced energies and 
different degrees of longitudinal localization over different 
circumferential regions of the QD segment. Fortunately 
such a scenario is easily avoided by imposing the mechan- 
ical constraint of linearity of shape of the QD-electrode 
assembly and thereby ensuring uniform distribution of 
defects at the interfaces. 

Interestingly, it may be possible to obtain all the three 
components of a QD-electrode assembly, ie., the two elec- 
trodes and the QD segment in the middle, from a sin- 
gle long enough CM-SWCNT. After selecting out an ac- 
curately characterised CM-SWCNT of a suitable chiral- 
ity as dicussed above, the tube may be fragmented into 
three, such that the fragment in the middle is of length 
equal to that of the desired length of electron confine- 
ment. The fragment in the middle, can be unzipped 22 
to form a ribbon. Then through controlled hydrogen ad- 
sorption, the ribbon can possibly be again zipped back 23 
to form a nanotube, in the direction opposite to that in 
which it was unzipped. It can be verified easily that the 
chirality of the resultant tube will be exactly opposite to 
that of the original tube. Finally, through high temper- 
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FIG. 2: (a-c): Distribution of defects (shown in darker shed) at the interfaces leading to linear HJ. (d-e) resultant HJ assemblies 
with two such interfaces, one inverted with respect to the other. 
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FIG. 3: (a) local density of states (LDOS) for a small region in the middle of the channel and (b) transmission function (T(E)) 
for the (n,m)-(m,n)-(n,m) HJs. 



ature annealing 24 , the segments can be connected back 
through seamless interfaces to form the QD-electrode as- 
sembly. To perform such an annealing which does not 
leave any dangling bond at the interface, in each of the 
three SWCNT segments, the ends which are to be con- 
nected, might require to be capped 25 prior to anneal- 
ing, as demonstrated in 24 . During the annealing process 
the capped ends of the segments may be brought effec- 
tively in contact with each other and held such that their 
axes are collinear. Finally, two ends of the resultant QD- 
electrode assembly can be attached on to suitable sub- 
strates or measuring probes, like AFM tips. 



In conclusion, we have introduced a new approach to 
construct carbon nanotube based active devices whose 
components can be obtained from of a single well char- 
acterized tube. We have demonstrated such an approach 
by suggesting construction of a robust quantum dot de- 
vice by assembling chiral metallic single walled carbon 
nanotube segments of opposite chiralities. The segments 
can be obtained from fragments of a single such nan- 
otube through a sequence of chemical and mechanical 
manipulations, each of which has been already reported 
individually in recent years. 
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